This paper aims to provide a better understanding of the re-emergence of Guinea worm into the water bodies of the Tillabéri region of the Niger Sahel. It examines the period of re-emergence and subsequent decline from 2002 until 2006. Using a geographic information system combined with a statistical approach to examine the location data of lakes with Guinea worm-associated cases, it is shown that the locations of population centers with cases of Guinea worm disease, the locations of lakes infected with Guinea worm larva, and features of the built environment are correlated in space.
in that, in addition to killing the Guinea worm larvae, it kills other larval life and there are fears it may negatively affect those drinking the water. Additionally the lack of available safe drink water infrastructure causes the need for action such as larvaciding, which is no more than a temporary solution. Eradication through larvacides does not protect individuals who choose to travel beyond the watershed of a lake that has been treated with larvacides. Thus, efforts have focused on teaching individuals how to contain the spread of Guinea worm and how to avoid becoming hosts themselves (Rwakimari et al. ) , rather than focusing on larvaciding the water supplies.
The vast majority of remaining Guinea worm cases occur in regions that endure some form of water stress during the annual cycles of rain (Lebel et al. ) . Rainfall in these regions, primarily in the Sahel of sub-Saharan Africa, is seasonal; the annual pattern begins with several dry months with little or no precipitation, followed by a rainy season that lasts from three to five months. These Sahelian regions often have a limited water infrastructure, forcing inhabitants to be reliant on the local supplies of water (Giordano ) . Drinking water is often drawn from unclean surface water sources, such as ponds, streams, lakes, and sometimes even from watering holes serving livestock. Water clarity is often poor, making a visual inspection for water fleas difficult. As an alternative to surface water, underground water is sometimes either drawn from wells or, less commonly, pumped to the surface using electric or hand-powered water pumps. While the subsurface water sources are free from Guinea worm larvae, there are not enough existing wells and pumps to support the inhabitants of the Sahel. Additionally, migrations and agricultural activities regularly draw the at-risk populations away from the cleaner water sources (Cairncross et al. ) .
Detailed information on bodies of water that are capable of supporting the water flea and Guinea worm larvae is complicated by the seasonality of the precipitation in Sahelian regions. Throughout most of the Sahel evapotranspiration rates of the lakes are quite high due to high temperatures, low humidity, and sparse vegetation. Rainfall often occurs in great deluges rather than moderate, intermittent rains;
flooding of the lowlands is an annual threat. Lakes and rivers, in some cases several kilometers long or wide, may flood seasonally and then dry up completely during the course of the year, making them difficult to map (Nicholson et al. ) . While the fill levels of these bodies of water may vary according to the local precipitation rates, they are also affected by flash flooding. Many bodies of water are part of seasonal river systems that may flood hundreds of miles downstream when rainfall is sufficient in other areas of the watershed. Additionally, the desertification of much of the southern Sahel has caused changes in watershed dynamics (Leblanc et al. ) . This changing environment is difficult to monitor, although recent efforts to collect data on water use and groundwater recovery have been undertaken by several countries through the actions of the United Nations Educational, Scientific and Cultural Organization's (UNESCO) International Hydrological Program.
STUDY AREA
The study area for this research comprises the majority of the Tillabéri arrondissement (borough) of northeastern Niger where there was a brief resurgence of Guinea worm cases in 2003 (Table 1) . The area is centered on the city of Tillabéri, the capital city of the Tillabéri arrondissement and the focus of the study is on Tillabéri city and the surrounding region. This region is at an intersection of Saharan trade networks and is at the northernmost extent of Sahelian agriculture in eastern Niger (Figure 1 ). The population of approximately 200,000 in the region is divided into three tribal groups: the Zarma (Djerma), who traditionally work as farmers or merchants, and the Fulani and the Bella-or Tomacezk-speaking people, who are nomadic and semi-nomadic pastoralists. While Zarma is the dominant language of the region, each tribe speaks its own dialect as well.
Even for Niger, the Tillabéri study region is very dry.
Precipitation primarily occurs in June, July, and August, Only one road in the region is paved: the route connecting Tillabéri to Niamey to the south and Mali to the north.
With the onset of the rainy season, pastoralists communities are obliged to journey to more remote pasture land to avoid interfering with crop cultivation. While many herding migrations will stay within or near the outskirts of a town, some will undertake much longer journeys. In the Tillabéri region of Niger, Fulani-and Tomaczek-speaking herders will move animals north into Mali, using a series of seasonal lakes as watering stops on the trip ( As each lake serves a certain population, the risk of exposure to Guinea worm larvae varies within the study region. In order to appropriately model the relationship between the incidence of Guinea worm in each lake and distances to features of the environment, it is important The area associated with each lake was determined using
Thiessen polygons centered at the location of the lakes' vanish points using the study site borders as a bounding box. The log of the area associated with each lake was used rather than the actual square kilometer area to normalize the great size differentials between the areas each lake serves (Figure 3) .
One suitable method to analyze the relationship between the locations of Guinea worm-infected water supplies and the built environment relies on using a zeroaltered negative binomial model, otherwise known as a hurdle model with a negative binomial second stage.
Hurdle models are a type of discrete mixture models used for count data when there is an excess of zeros in the data. When a dependent variable contains more zeros than would be expected for a negative binomial distribution, these excess zeros are better managed through the use of a lakes' proximate relationship to the built environment.
where y ¼ counts of Guinea worm, β ¼ the distances from vanish points to built environment features, and y ¼ Akaike information criterion (AIC) test, which is a measure of the relative goodness of fit for statistical models. A model's AIC score is calculated using the following equation:
where k is the number of parameters in the model and L is the maximized value of the likelihood function for the estimated model (Akaike ).
The preferred model for this analysis is one with a low AIC, as the lower the AIC, the less information will be lost when describing the relationship between number of associated cases per lake and the surrounding environment. The AIC measures the balance between model fit and parsimony. When two models with the same likelihood value (fit) but with different numbers of parameter estimates are examined, a model selection decision using AIC will select the model with fewer parameters.
A Poisson model offers an alternative to the hurdle model for examining this dataset. The formula for a Poisson model with the aforementioned log-area offset is as follows:
where the offset, log(A i ) is the log of service area of the lake, μ is the numbers of associated cases, and β is the distance between lakes and the environmental feature.
As there is a Poisson distribution of the case count data, a Poisson model is included in the AIC test in order to validate the use of a two-stage model.
RESULTS
In comparing the two variants of the hurdle models (negative binomial and Poisson), the negative binomial variant has an AIC score of 145 and the Poisson hurdle variant has an AIC score of 207 (Table 2) (Table 3) . The distinction between an infected lake and an uninfected lake is examined in terms of distance (in kilometers) from the vanishing point of a lake to a built-environment feature ( Figure 6) . In comparing the positioning of the lakes in relation to the proximate built environment, each lake's spatial distribution within the built environment can be examined in terms of its relative isolation or nearness to features that are presumed influential to the spread of Guinea worm. The second stage of a The results of a hurdle model with a negative binomial second stage suggest that there is a significant correlation between health facilities and lakes with Guinea worm and between lakes with Guinea worm and the location of trails (Table 4 ). In the analysis of lakes with and without Guinea worm, there is a negative correlation between health facilities near a lake and the incidence of Guinea worm;
suggesting the closer a health facility is to a lake, the higher the likelihood of Guinea worm being present in the lake. In the second stage of the hurdle model (the negative binomial count model), the health facility is again negatively correlated, suggesting that the more cases of Guinea worm associated with a lake, the nearer the health facility is to the lake.
DISCUSSION
Examining the locations of all the health facilities in the geographic information system reveals that the four health facilities closest to lakes were at the very center of two of the three most infected regions. Each of these four facilities is a medical station. The health facilities in these locations were also close to the vanishing points of the lakes, located on the banks of the seasonal lakes during the parts of the year they were completely filled. Each of these medical stations was close to a moderately sized (<1,250 persons) population center. It is worth noting that health facilities were not always located within the borders of large population centers; in fact some were several kilometers from any population center. Many of the other health facilities, particularly in regions without Guinea worm, were not positioned near lakes and were located on higher terrain and comparatively far from lakes. This neither proves the usefulness of the model nor refutes its findings, although it does suggest that a comparative analysis at a larger scale-with more health facilities in a larger area-would be insightful.
The model results also reveal a relationship that exists between the location of trails and whether or not a lake will have associated cases of Guinea worm. Given the results of the model it is suggested that the farther a trail is from a lake, the more likely the lake is to have at least one associated case of Guinea worm. Conversely, infected lakes near trails also tended to have more associated cases 
